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ANALYSIS OF FORMING TECHNOLOGIES FOR THE PRODUCTION 
OF BIPOLAR PLATES 
Clemens Müller, Sangwook Lee, Henning Janssen, Prof. Dr. Christian Brecher 
Hydrogen driven fuel cells are a promising technology for zero-emission mobility applications. In small 
production numbers of less than 10,000 systems a year, the manufacturing of components like bipolar 
plates causes high costs. Effects of upscaling could be used to deploy a large number of fuel cells at 
economic conditions. Forming of the metallic bipolar plates is an essential step in the production 
process. In this study, three different forming technologies are evaluated regarding their technological 
potential to reach optimal forming results. Rubber forming, stamping and hydroforming are compared 
on a simulative level. For rubber forming, experimental tests with different sheet materials and 
thicknesses are analysed. Comparing the materials’ strain and thickness distribution, rubber forming 
and hydroforming show similar results whereas stamping leads to a higher plastic strain when the 
same load is applied. Stamping and hydroforming are suitable for automated high volume production. 
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1. INTRODUCTION 
For stationary as well as mobile applications, fuel cells are a promising technology for 
generating electric current without carbon- or nitrogen-based emissions. As energy 
converters, hydrogen fuel cells have advantages over batteries and other energy 
storage systems. In mobile applications, flexible and large ranges can be reached 
with a varying hydrogen tank size and pressure. The required refuelling time is just a 
fracture of the time needed to recharge vehicle batteries. Proton Exchange 
Membrane Fuel Cells (PEMFC) run at low temperatures between 60 and 120°C. In 
connection with high ranges, these systems can meet the requirements to run private 
vehicles as well as buses and trucks.  
One of the current drawbacks of fuel cell systems are their high costs. The stack is 
the most expensive component in a fuel cell system and can account for up to 67% 
of the total system’s costs [Bosch, 2019]. According to estimations, the production of 
the fuel cell and storage system of a Toyota Mirai fuel cell vehicle costs about 22.000 
US $. This number refers to a production rate of 3,000 systems per year [James, 
2017a]. Yet, a solid market growth is predicted. Toyota announced the production of 
at least 30,000 fuel cell electric vehicles after 2020, which is ten times the number of 
2018 [Toyota, 2018].  
Upscaling the production has a huge impact to the manufacturing costs of fuel cell 
stack systems. The costs can be reduced by 46% when producing 500,000 systems 
a year instead of 10,000 [James, 2018]. In case of the production of 10,000 systems 
per year, the manufacturing of metallic bipolar plates accounts for about 20% of the 
stacks costs. Bipolar plates are therefore one of the most expensive components 
[James, 2017b]. Suitable technologies for every process step have to be identified to 
realize high production volumes and decrease the expenses in production. The 
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objective of this paper is the comparison of three different forming technologies: 
rubber forming, stamping and hydroforming. Their characteristics are discussed 
regarding the forming results and integration possibilities for a high volume 
production.  
2. FORMING SIMULATION 
2.1. Principles of different sheet metal forming technologies 
Rubber forming, stamping and hydroforming utilize a rigid punch to form a sheet 
metal into the desired form. However, they are distinguished by the type of die as 
illustrated in Fig. 1. 
In rubber forming, the counter part of the rigid punch is an elastic solid such as 
polyurethane. The formed sheet metal shows good surface quality because of the 
well-distributed counter force from the rubber die. On the contrary, in a stamping 
process, the rigid material is used for both tool parts, the punch and the die. Although 
it is robust and useful for a broad range of applications, it has some disadvantages. 
The tools are more expensive and it is more difficult to change the design. The 
hydroforming process, as the third examined technology, uses high-pressure forming 
medium instead of a solid die. Thereby, it can form sheet metal in complex shapes. 
Furthermore, tools are inexpensive due to the single-sided die. 
 
Fig. 1: Schematics of various forming processes: 
(a) Rubber forming, (b) Stamping and (c) Hydroforming 
2.2. Finite element modelling 
The numerical modelling and simulation of the forming processes were implemented 
with the FEM software ABAQUS 2018. The settings are introduced in the following. 
2.2.1. Material model 
In every forming processes, material properties of punch and sheet metal have been 
assigned in same way. For the sheet metal, the plastic behaviour was estimated by 
the Swift’s hardening law as shown in Eq. (1) and related variables were taken from 
the study of M. Belali-Owsia [Belali-Owsia, 2015]. 
𝜎 = 𝐾(𝜖0 + 𝜖𝑝)
𝑛
 (1) 
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The mechanical properties of stainless steel EN 1.4301 and variables for plasticity 
estimation are listed in Table 1. 
Table 1: Mechanical properties of EN 1.4301 
Young’s modulus, 𝐸 [GPa] 200 
Poisson’s ratio, 𝜈 0.28 
Yield stress, 𝜎𝑦 [MPa] 255 
𝐾 [MPa] 1050 
𝑛 0.65 
𝜖0 0.06 
For the elastic behaviour of the rubber, a Mooney-Rivlin’s hyperelastic material 
model was set up, which uses the strain energy potential to represent the 
hyperelastic behaviour. 
2.2.2. Boundary conditions 
In order to simulate the forming process similar to the conducted experiments, the 
load development for simulation was derived from experimental process data as 
shown in Fig. 2. The development for the simulated forces for rubber forming are in 
good accordance with the actual force development The pressure development of 
hydroforming simulation was calculated based on the load development of rubber 
forming simulation. 
 
Fig. 2: Load setting for the forming process 
Furthermore, the interactions between the components were modelled in terms of the 
tangential and normal behaviour. The Coulomb friction model was used to model the 
tangential contact behaviour. The normal contact behaviour was modelled as the 
hard contact, which minimizes the penetration of the slave surface into the master 
surface at the constraint locations and does not allow the transfer of tensile stress 
across the interface. 
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2.2.3. Validation 
To validate the simulation results, deformed channels were compared in terms of the 
profile and depths. The surface of deformed sheets was measured using surface 
profiler (InfiniteFocus G5, Alicona Imaging GmbH, Austria). Based on the surface 
measurement, the depths of several channels were obtained and the average value 
was used to validate the simulation result. The measured surface profiles show close 
similarity to the simulation result as shown in Fig. 3. The deviation of the channel 
depths between the simulation and experiment was 22.55 %. 
 
Fig. 3: Formed channel profiles in simulation and experiment 
2.3. Characteristics of different forming technologies 
2.3.1. Plastic equivalent strain and thickness 
In the analysis of the simulation, the plastic equivalent strain was considered as one 
important output parameter since it represents the plastic elongation of the material, 
which is crucial for the forming process. In addition, the thickness of the sheet metal 
was considered for the thinning and even tearing of the sheet metal in the extreme 
condition. Fig. 4 shows the distribution of plastic equivalent strain (PEEQ) and sheet 
metal thickness along a deformed channel for rubber forming, stamping and 
hydroforming. 
Regardless of the forming technology, the edges of the channels induce the highest 
plastic equivalent strain on the sheet metal and the highest thinning occurs in the 
same region. In case of stamping, the sheet metal thickness decreased by around 
2 % in the middle of the formed channel and by about 17 % at the contact position to 
the channel edges. Especially the maximum plastic equivalent strain is induced at 
two positions where the stamp and die edge are located and are in contact with the 
sheet metal. On the other hand, rubber forming and hydroforming have maximum 
thinning of 20 % in the edge contact region and 10% of thinning in the middle of the 
channel. The thickness of sheet metal outside of channel area stayed almost the 
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same. This result shows that thinning is closely related to the geometry of the rigid 
tool part. Therefore, the geometry of the punch should be taken into consideration for 
the less thinned and better-formed sheet metal. 
 
Fig. 4: Thickness and plastic equivalent strain distribution of the formed channel profiles 
2.3.2. Selection of proper forming process 
According to FEM simulation results, rubber forming and hydroforming have good 
characteristics for the bipolar plate forming. They are less prone to thinning the sheet 
than in stamping, because the tool has only a single-sided metal part with high 
friction coefficients in the contact area to the sheet. Furthermore, rubber forming and 
hydroforming lead to better surface quality due to the uniformly distributed counter 
force in the process. Nevertheless, good forming results can be obtained with the 
stamping technology. Depending on the design of the flow field, several forming 
steps might be necessary in order not to exceed the forming limits of the sheet 
material. 
3. RESULTS OF EXPERIMENTAL ANALYSIS 
3.1. Setup of experimental analysis 
In order to validate the results of the simulation and to further analyse the forming 
technologies, a set of experiments was conducted for rubber forming of bipolar plate 
sheets. Fig. 5 shows the setup of the rubber forming tool and the hydraulic press, 
where the tool is integrated, with some of the formed plates. The geometry of the 
upper tool is machined in a milling process according to the desired flow field design. 
When the press closes, the upper tool contacts the lower tool and the geometry is 
formed to the sheet metal in between. 
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Fig. 5: Experimental setup for rubber forming process and formed plates 
Rubber forming was tested for titanium as well as the stainless steels EN 1.4404 and 
EN 1.4301 in different thicknesses between 0.05 and 0.1 mm. One focus of the 
analysis was the determination of material dependent boundaries, how deep single 
channels can be drawn before cracks occur. Fig. 6 summarizes the results for 
stainless steel materials and indicates the forces that lead to cracks in the sheet 
metal.  
 
Fig. 6 . Formable channel depth over the press force for different materials and thicknesses  
(forming technology: rubber forming) 
In general, the formed channels are deeper with increasing press forces. For smaller 
sheet thickness, cracks occur at lower press forces. For higher thicknesses, larger 
press forces can be applied and deeper channels are drawn. The stainless steel EN 
1.4301 with 0.1 mm thickness shows the largest channel depth without any cracks. 
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3.2. Metallographic analysis 
For further investigation, a metallographic analysis was done for selected samples. 
The different base structure of titanium and EN 1.4404 as well as the changes in grain 
size and distribution are shown in fig. 7.  
 
Fig. 7: Metallographic analysis of areas of high deformation 
For both materials, the thinning of the base material in areas of high deformation can 
be obtained. For Titanium, the deformed areas show a clear grain refinement. A higher 
number of grains leads to the darker color compared to non-deformed areas. A higher 
number of grains and grain boundaries can be seen. 
The deformations of EN 1.4404 stainless steel partly result in twin grain boundaries, 
which occur in the austenitic structure. A higher density of dislocation lines inside some 
of the grains also indicates that the material experienced a high degree of deformation. 
For both materials, the boundaries of deformation were not reached yet with the 
presented process forces and geometries as the metal sheets do not show any cracks 
or ruptures.  
4. DISCUSSION 
According to the simulation, rubber forming and hydroforming lead to similar forming 
results. Both technologies have a similar setup. The upper tool part consists of a rigid 
punch and the lower tool part is an elastic material or forming medium, which has 
lower friction along the contact area to the sheet metal compared to a rigid metal die. 
The FE analysis clearly indicates that this similar setup results in comparable 
mechanical properties of the sheet metal after forming such as plastic equivalent 
strain distribution and thinning rates in the area of deformation. Nevertheless, 
different machine setups are required. Rubber forming can be used as an 
inexpensive pre-testing technology for small production numbers. Hydroforming has 
the advantage of the ability to form complex geometries. In the aspect of high volume 
production, rubber forming has several limitations. Since the rubber die is subject to 
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wear due to the load of the punch, the rubber has to be changed after a certain 
number of strokes. Furthermore, it has difficulties in automation due to constructional 
limits. On the other hand, hydroforming and stamping processes can be automated 
for high volume production more easily, for example by feeding continuous metal 
coils. 
5. CONCLUSION 
The objective of this study is the evaluation of the three forming technologies rubber 
forming, stamping and hydroforming to assess their potential for high quality results 
in forming metallic bipolar plates. A simulation model was set up to investigate plastic 
equivalent strain rates and material thinning of the sheets. According to simulation 
results, the friction between metallic bipolar plates and metallic die parts is larger 
than the friction between plate and rubber (in rubber forming) or plate and forming 
medium (in hydroforming). This instance leads to a greater thinning of the sheet 
metals in stamping processes. Rubber forming and hydroforming show similar results 
regarding the plastic equivalent strain and the thinning of the material. All of the 
considered forming technologies lead to good results in forming the required channel 
depths without cracks. Rubber forming is connected to a high wear of the rubber pad, 
which has to be considered for the application of the technology for mass production. 
As a further technology for series production of metallic bipolar plates, roll-to-roll 
processes could be taken into account. The handling of the sheets with small 
thickness is similar to handling foils in production applications.  
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